Rho kinase mediates the effects of inflammatory permeability factors by increasing actomyosingenerated traction forces on endothelial adherens junctions, resulting in disassembly of intercellular junctions and increased vascular leakage. In vitro, this is accompanied by the Rho kinase-driven formation of prominent radial F-actin fibers, but the in vivo relevance of those Factin fibers has been debated, suggesting other Rho kinase-mediated events to occur in vascular leak. Here, we delineated the contributions of the highly homologous isoforms of Rho kinase (ROCK1 and ROCK2) to vascular hyperpermeability responses. We show that ROCK2, rather than ROCK1 is the critical Rho kinase for regulation of thrombin receptor-mediated vascular permeability. Novel traction force mapping in endothelial monolayers, however, shows that ROCK2 is not required for the thrombin-induced force enhancements. Rather, ROCK2 is pivotal to baseline junctional tension as a novel mechanism by which Rho kinase primes the endothelium for hyperpermeability responses, independent from subsequent ROCK1-mediated contractile stress-fiber formation during the late phase of the permeability response.
Introduction
Numerous pathological conditions including life-threatening sepsis and acute respiratory distress syndrome (ARDS) are characterized by endothelial barrier failure [1] . The sequelae include uncontrolled fluid extravasation and edema [1, 2] . Under acute inflammatory conditions, the post-capillary venules in particular become leaky, whereas in ARDS the alveolar-capillary barrier is the major site of leakage. Despite increasing incidence of sepsis [3] and high mortality rates in ARDS, no treatment is currently available to combat endothelial barrier disruption in these diseases [1] .
Endothelial barrier function is controlled principally by cytoskeletal elements that -in addition to local signaling events that weaken the junctions-orchestrate intercellular junctional complexes, and facilitate cell-matrix adhesion [2] . Dysfunction of the endothelial barrier can be elicited through activation of specific receptors by vasoactive agents such as thrombin and vascular endothelial growth factor (VEGF), as well as by interaction of the endothelium with leukocytes. Thrombin-induced signaling via its receptor PAR1 -which is short for protease-activated receptor 1-involves several signaling mechanisms that are simultaneously activated, including the influx of calcium ions, the activation of small Rho GTPases, the activation of various kinases, and the phosphorylation of (junctional) proteins. Among the small GTPases, RhoA is mainly involved in inducing endothelial hyperpermeability, whereas Rac1, Cdc42 and Rap1 contribute to enforcement of an intact barrier function [4] .
A key effector molecule of RhoA in regulating vascular permeability is Rho kinase. It has been well-appreciated that enhanced Rho kinase activity upon stimulation by inflammatory mediators such as thrombin has a strong barrier-disruptive effect [5, 6] . However, basal Rho kinase activity is also involved in the maintenance of barrier integrity [7, 8] . Initial studies in endothelial cells (ECs) showed that transduction of a dominant-negative Rho kinase markedly reduced thrombin-induced formation of F-actin fibers through inhibition of the myosin phosphatase, serving as a paradigm for Rho kinase-mediated vascular hyperpermeability [9] . Yet, their in vivo relevance remained uncertain and has been debated for the microcirculation [10, 11] . In cell models, Huveneers et al. showed that the agonistinduced radial F-actin fibers transmit tension to the endothelial junctions [12] . Indeed, pharmacological inhibition of Rho kinase reduces tension to the junctions, and ablates thrombin-induced hyperpermeability of endothelial monolayers by about 50% [6] . The remaining Rho kinase-independent part of the in vitro endothelial hyperpermeability involves regulation by protein tyrosine kinases and protein kinase C zeta [13, 14] . In animal models, inhibitors of Rho kinase reduced vascular hyperpermeability induced by vaso-active agents such as VEGF, endotoxin (LPS) and thrombin even more effectively than in vitro [15, 16] . But to the contrary, recent reports indicated that treatment of rats with the Rho kinase inhibitor fasudil, while effective in reducing LPS-induced permeability, improving survival in sepsis and preventing ARDS [17] , by itself promoted vascular leakage of macromolecules [18] . Taken together, these data suggest the presence of distinct and sometimes even opposing Rho kinase activities determining endothelial morphology and function.
In an attempt to resolve this discrepancy we turned to two distinct isoforms of Rho kinase, ROCK1 and ROCK2, encoded by two different genes [19] . These isoforms are highly homologous except for their PH domains. Their human forms share 64% sequence identity with 89% identity in the catalytic domain [19] . Given their high sequence similarity it is not surprising that available inhibitors do not distinguish between the two ROCK isoforms, except for the ROCK2 inhibitor SLx-2119, also known as KD025, showing 200-fold higher selectivity toward ROCK2 (IC 50 105 nmol/L) compared to ROCK1 (IC 50 24 µmol/L) [27] .
An analysis of Rho kinase knockout-mice suggests that there is no compensation for the loss of either isoform by the other: ROCK2−/− mice show a high fetal death rate [20] while ROCK1−/− die early after birth [21] , but ROCK1 null animals that survive develop normally. The developmental effects associated with ROCK1 and ROCK2 deficiencies have limited the use of these animals to evaluate the functions of these molecules in physiology and disease in an isoform-specific manner. Also, most pharmacological inhibitors lack isoform specificity.
Rho kinase is involved in many basic vascular activities such as cellular migration, angiogenesis, and development of tone. Evidence has accumulated over the past decade that enhanced activity of Rho kinase plays an important role in many vascular pathologies including (pulmonary) hypertension, atherosclerosis, diabetes, and vascular leak [22, 23] . ROCK isoform-specific regulation has been indicated for some of them [24, 25] .
Given their discrete form and function, we hypothesized that specifically targeting a single Rho kinase isoform in anti-vascular leak therapy would be an effective and novel strategy. Accordingly, using a combination of in-vitro and in-vivo experiments, we investigated the individual contributions of ROCK1 and ROCK2 to the regulation of endothelial barrier permeability.
Results

Efficacy of ROCK1 and ROCK2 depletion by siRNA treatment in vitro and in vivo
In vitro experiments were performed throughout this study with human umbilical vein endothelial cells (HUVECs). Key findings were verified in primary human pulmonary microvascular endothelial cells (HPMVECs) and presented in the online supplement.
The efficacy of siRNAs to downregulate ROCK protein expression in HUVECs was monitored by Western blotting of cell lysates obtained at 48 h after transfection. A net decrease in ROCK protein expression in each experiment of at least 90% was observed in ROCK1-silenced ECs and of 75% in ROCK2-silenced ECs (see Fig. 1A for representative Western blot).
To test whether the siRNAs directed at human ROCK sequences were also effective in downregulating mouse ROCK1 and ROCK2, mouse NIH3T3 cells were used as a model cell system. The siRNAs directed to human ROCK1 and ROCK2 were less effective in downregulating mouse ROCK protein expression (data not shown). Therefore, new siRNAs were designed directed to mouse ROCK sequences (see the Materials & methods section), resulting in a >80% downregulation of mouse ROCK1 and ROCK2 protein expressions in vitro (see Fig. 1B for a representative Western blot).
Immuno-histochemical staining of both ROCK1 and ROCK2 revealed their abundant expression in endothelial cells of large pulmonary arterioles as well as in the small capillaries of the mouse lung (Fig. 1C) . Their expression was selectively downregulated 48 h after retro-orbital injection of the corresponding siRNAs as evidenced by semi-quantitative immuno-histochemical analysis of arteriolar ROCK1 expression (Fig. 1D, E) .
Silencing of ROCK1 and ROCK2 reveals differential involvement in endothelial permeability
To evaluate the contributions of ROCK1 and ROCK2 to permeability changes of human endothelial monolayers, HUVECs were grown in vitro on porous filters, and permeability for the tracer HRP was measured. The thrombin-induced endothelial hyperpermeability of these monolayers is for about 40-60% dependent on Rho kinase, representing the in vivo PAR1-mediated vascular permeability, whereas the remainder is independent of Rho kinase, involving other signaling pathways as outlined in the Introduction [2, 6] .
Thrombin elicited a 7.2 ± 0.7-fold increase in the passage of the tracer molecule HRP ( Fig.  2A) . It is known that PAR1-activating peptides recapitulate the pro-inflammatory effects of thrombin in endothelial cells [26] , which we confirmed in vitro where PAR1-peptide and thrombin evoked a comparable transient decrease in endothelial barrier function ( Supplementary Fig. S1 ). Silencing of ROCK1 did not affect thrombin-induced permeability, whereas silencing of ROCK2 significantly reduced thrombin-induced permeability ( Fig. 2A) . Simultaneous silencing of ROCK1 and ROCK2 further reduced the absolute or net thrombin-induced increase in permeability, and showed an almost similar effect as pharmacological inhibition by Y-27632.
To evaluate the contribution of ROCK1 and ROCK2 to PAR1-mediated vascular hyperpermeability in vivo, ROCK1 or ROCK2 siRNA-transduced mice were stimulated with PAR1-peptide for 30 min. The pulmonary microvascular permeability following PAR1-stimulation was determined by measuring Evans blue conjugated albumin (EBA) extravasation (Fig. 2B) . None of the siRNA treatments affected baseline permeability. PAR1-peptide evoked a 2-fold increase in EBA extravasation. Silencing of ROCK1 had no effect on PAR1-mediated EBA leakage. Silencing of ROCK2 decreased the PAR1 permeability response by about 50%, while silencing of both ROCK1 and ROCK2 almost completely prevented the increase in EBA extravasation upon treatment with a PAR1-peptide. The potent pharmacological pan-Rho kinase inhibitor Y-27632 was equally effective as silencing of both ROCK1 and ROCK2. These findings were supported by comparable changes in lung wet-dry weight ratios (data not shown).
Together, these data indicate that ROCK2 primarily regulates the thrombin receptormediated vascular hyperpermeability response both in vitro and in vivo. ROCK1 is dispensable for this hyperpermeability response, but silencing of ROCK1 enforced the attenuating effect of silencing of ROCK2. These data point to distinct roles of ROCK1 and ROCK2 in the regulation of vascular hyperpermeability.
Specific pharmacological inhibition of ROCK2 attenuates endothelial hyperpermeability
The role of ROCK2 in regulating the endothelial barrier function was further explored by using the ROCK2-selective inhibitor SLx-2119 [27, 28] . The effects of SLx-2119 were compared to the effects of the pan-Rho kinase inhibitor Y-27632. Probing ROCK2 Ser1366 phosphorylation as a surrogate marker for ROCK2 activation status [29] showed a rapid and transient activation of ROCK2 upon stimulation with thrombin ( Fig. 2C inset) . ROCK2 activation was entirely prevented by SLx-2119 as well as by downregulation of ROCK2 supporting the specificity of the inhibitor as well as the siRNA sequences, whereas silencing of ROCK1 had no effect on ROCK2 activation ( Supplementary Fig. S2 ).
Pretreatment with SLx-2119 reduced thrombin-induced HRP passage to 74 ± 12% of thrombin-induced HRP flux in the absence of inhibitors (t = 30 min after thrombin stimulation, 12 filters from 4 different donors; p < 0.05), to a similar extent as silencing of ROCK2 (77± 15%). Y-27632 tended to slightly further inhibit thrombin-induced HRP passage (to 62 ± 6%). Detailed analysis ( Fig. 2C left panel) of the time-dependency of the ROCK2 effects indicated that ROCK2 mainly was involved in the early phase of the thrombin-induced endothelial permeability changes, whereas only in the later phase ROCK1 additionally contributed to barrier dysfunction ( Fig. 2C right panel) .
Finally, these findings were verified in human pulmonary microvascular endothelial cells ( Supplementary Fig. S3 ). In these primary cells, the role of Rho kinase in thrombin-induced permeability was even more prominent during the early phase of the permeability response to thrombin: SLx-2119 dose-dependently attenuated thrombin-induced HRP passage, to an almost similar extent as the pan-Rho kinase inhibitor Y-27632.
Thus, specific pharmacological inhibition of ROCK2 attenuates the disruption of human endothelial barrier integrity, in particular during the early phase of disruption. The differences in the time profiles for the involvement of ROCK1 and ROCK2 in endothelial hyper-permeability confirm distinct mechanistic contributions to the regulation of endothelial barrier function.
ROCK1, but not ROCK2 mediates the formation of thrombin-induced F-actin cytoskeletal stress fibers
The Rho kinase-dependent formation of contractile F-actin stress fibers is a remarkable feature of thrombin-stimulated ECs in vitro, but their presence in intact microvessels is debated [30] . Therefore, it remains to be determined if and how F-actin stress fibers play a role in endothelial permeability.
To evaluate whether ROCK2 mediates the thrombin-induced permeability changes through the formation of contractile F-actin stress fibers, endothelial monolayers were stained for Factin with rhodamine-phalloidin and co-stained for VE-cadherin. HUVECs in a continuous monolayer of closely attached cells were characterized by a cortical F-actin band ( Fig. 3 ) and the presence of some cytoplasmic F-actin filaments. Stimulation with thrombin for 30 min induced a loss of the peripheral F-actin rim, but an overall increase in F-actin staining, especially of F-actin stress fibers (Fig. 3 arrows) . Both changes in the F-actin cytoskeleton were attenuated by 30 min pretreatment with Y-27632. Surprisingly, pretreatment with SLx-2119 had no obvious effect on the thrombin-induced F-actin reorganization, indicating that ROCK2 is dispensable for the formation of contractile F-actin stress fibers. Similarly, depletion of ROCK2 by siRNA treatment did not prevent stress fiber formation, whereas depletion of ROCK1 almost completely prevented their appearance ( Supplementary Fig.  S4 ).
The distribution of VE-cadherin was not altered by ROCK2 inhibition, neither was the connection of thrombin-induced radial F-actin fibers to VE-cadherin affected in the focal adherens junctions (Fig. 3) [12] . Importantly, inter-endothelial gaps did form in ROCK2-inhibited HUVECs, indicating that the radial F-actin fibers were functionally intact, but HUVECs showed a more pronounced protrusive activity filling the gaps at their basal site (compare boxes in Fig. 3 ; these boxes are enlarged in Supplementary Fig. S5A, B) .
Thus, ROCK2, but not ROCK1, is dispensable for the formation of thrombin-induced Factin stress fibers.
ROCK2 is a pivotal determinant of baseline intercellular forces
Since F-actin staining does not provide information on whether or not the formed F-actin stress fibers are functional, we sought to directly measure the thrombin-induced contractile forces. We applied a recently reported technique called monolayer traction microscopy to endothelial monolayers [31] . Traction forces exerted by endothelial cells on their extracellular matrix are counter-balanced at the level of the cell-cell junctions. The magnitude of these tractions is proportionally related to the cell-cell forces as a constant fraction (~0.5) [32, 36] . The magnitude of these tractions is also proportionally related to the basal cellular tone or pre-stress [33] . HUVECs grown to confluent monolayers were characterized by baseline traction forces of a high magnitude and spatial heterogeneity (Fig.  4A, B) . The baseline traction forces were dramatically ablated by Y-27632, and to a lesser extent by SLx-2119 (Fig. 4B ). To directly demonstrate that the measured traction forces reflect intercellular forces, intercellular stress maps were generated by a novel technique called monolayer stress microscopy [34] . Both ROCK inhibitors largely reduced baseline intercellular stresses (Fig. 4C) .
In sham-treated control cells, the baseline traction forces were significantly enhanced in response to thrombin. These thrombin-induced force enhancements were significantly ablated by pre-treatment with Y-27632 (Fig. 4D, E) . In contrast, pretreatment with the ROCK2-selective SLx-2119 did not affect the net thrombin-induced forces (Fig. 4D, E) . Similarly, simultaneous silencing of ROCK1 and ROCK2 largely inhibited the thrombinenhanced contractile force enhancements, whereas silencing of ROCK2 alone did not affect thrombin-induced forces ( Supplementary Fig. S6 ).
Thus, ROCK2 activity is an important determinant of baseline monolayer intercellular forces, but is not involved in thrombin-induced contractile force enhancements.
ROCK2 mediates baseline, but not thrombin-mediated changes in trans-endothelial electrical resistance (TEER)
We next aimed to investigate whether inhibition of ROCK2 is barrier-protective through enforcement of the baseline characteristics of the endothelial barrier.
Silencing of ROCK2 slightly reduced the baseline flux of HRP across endothelial monolayers (0.7 ± 0.2-fold, see also Fig. 2A ), whereas silencing of ROCK1 tended to increase basal permeability (1.3 ± 0.6-fold). These trends did not reach statistical significance, but suggested that ROCK1 and ROCK2 might have distinct roles in regulating basal endothelial permeability. Simultaneous silencing of ROCK1 and ROCK2 significantly doubled the HRP flux (2.0 ± 0.6 fold), in line with the previous finding [8, 35] that prolonged inhibition of Rho kinase (10 µM Y-27632 for 48 h) induced a similar disruption of baseline barrier integrity.
Next, we evaluated the effect of Rho kinase inhibitors on endothelial barrier integrity by measurement of trans-endothelial electrical resistance or TEER ( Fig. 5A and B) . We utilized an electrical cell impedance sensing (ECIS) assay, as ECIS allows online monitoring of barrier function, with higher precision than tracer permeability measurements in the transwell assays do. However, it is important to realize that ECIS measurements do not replace tracer permeability measurements as ECIS measurements provide an indirect reflection of barrier function: changes in TEER are not necessarily accompanied by alterations in barrier properties toward larger molecules, i.e. they do not necessarily reflect actual changes in passage of tracers across the endothelium.
An analysis of the effect of the Rho kinase inhibitors on basal barrier integrity showed that inhibition of ROCK2 with SLx-2119 significantly elevated baseline electrical resistance (Fig. 5A, B) , whereas electrical resistance upon treatment with the pan-Rho kinase inhibitor Y-27632 was not elevated. Thus, inhibition of ROCK2 improves endothelial basal barrier integrity, whereas simultaneous inhibition of ROCK1 abolished this effect.
Next, we analyzed the effects of the Rho kinase inhibitors on the thrombin-induced changes in TEER. Thrombin induced a transient decrease in TEER, with a minimal TEER between 45 and 60 min showing a reduction of 64.1 ± 11.8%, which was followed by recovery of the monolayer (Fig. 5A) . Pretreatment with the pan-Rho kinase inhibitor Y-27632 largely attenuated the thrombin-induced decrease in TEER (Fig. 5A) . In contrast, pretreatment with SLx-2119 resulted in an upward shift of the entire curve, indicating that SLx-2119 increased the initial baseline TEER, without affecting the net thrombin-induced changes. This was further evidenced by the analysis of the maximal thrombin-induced decrease in TEER (Fig.  5C ), which was almost entirely ablated by pre-treatment with Y-27632, but not affected by pretreatment with SLx-2119. Similarly, SLx-2119 improved basal barrier integrity in human pulmonary microvascular endothelial monolayers, but did not affect the thrombin-induced drop in TEER (data not shown).
Taken together, these data indicate that ROCK2 activity is critical for the development of a baseline isometric tone and enforcement of baseline barrier characteristics, but does not contribute to the thrombin-induced contractile force enhancements.
Discussion
The main finding of the present study is that the Rho kinase isoform ROCK2 mediates passive junctional tension in the endothelium as an entirely novel concept of regulating vascular hyperpermeability by Rho kinase, independent from the well-known role of Rho kinase in F-actin stress fiber formation. Inhibition of ROCK2 attenuates endothelial barrier dysfunction and pulmonary edema. Thus, selective pharmacological inhibition of basal traction forces might provide a novel approach to stabilize the endothelial barrier, and limit vascular leak during derailed inflammatory episodes. These findings shed new light on a longstanding controversy between physiologists and cell biologists whether or not Rho kinase-mediated F-actin stress fibers contribute to vascular hyperpermeability responses (Fig. 5D) .
In endothelial monolayers forces are exerted at cell-matrix interactions known as traction forces (indicated by the red arrows in Fig. 5D ) and at cell-cell interactions known as cellcell or intercellular forces (indicated by the blue arrows). The intercellular forces account for nearly one-half of the overall forces in the monolayer and determine junctional tension born by the adherens junctions (upper left) [32, 36] . Evidence indicates that classical cadherins, including VE-cadherin are under tension [37] [38] [39] [40] . Recently, Rac1 has been shown as a modulator of Rho kinase-mediated junctional tension [53] . The present study shows that baseline forces are substantially reduced with ROCK2 inhibition (upper right), indicating that ROCK2 is a key molecule in the regulation of junctional tension at baseline. Upon stimulation with thrombin, overall forces increase, such that part of the junctions no longer can bear those forces. Cells start to contract and junctional complexes fall apart, resulting in opening of the barrier (lower left). The net increase in thrombin-enhanced contractile forces is not affected by ROCK2 inhibition. However, as these thrombin-induced contractile force enhancements in ROCK2-inhibited cells are now superimposed on a lower level of baseline junctional forces, the net result is a lower level of overall forces. These forces no longer reach a critical threshold necessary for disrupting junctional integrity and opening of the barrier for macromolecules (lower right). Such a critical threshold might be necessary for opening the vascular barrier under inflammatory conditions. At a later stage, F-actin stress fibers are formed in a ROCK1-dependent manner contributing to prolongation of the hyperpermeability response. Thus, ROCK2 activity is pivotal to a critical junctional tension for opening of the endothelial barrier when the interaction of junctional proteins is weakened in response to inflammatory mediators.
Both silencing as well as pharmacological inhibition of ROCK2 reduced thrombin-induced endothelial hyperpermeability. Similarly, in epithelial cells, ROCK2, but not ROCK1 mediated disassembly of the junctions [41] . However, another report indicated that ROCK1 mediated the early, but not late effects of TNFalpha on endothelial permeability, a finding hard to reconcile with the observation in the same report that ROCK2 was the primary Rho kinase activated in the lungs of LPS-treated mice [42, 43] . Unfortunately, the authors did not evaluate vascular permeability in these mice.
In the present study we observed that ROCK1 was dispensible for thrombin-induced endothelial hyperpermeability as long as ROCK2 is present in the ECs, but not vice versa. This points to a special form of compensation known as quantitative redundancy. In complete redundancy, the absence or malfunction of either protein alone has no effect, but disruption of both proteins affects cellular behaviour [44, 45] ., In contrast, two proteins are quantitatively redundant when malfunction of the one protein has no effect, as long as the compensating protein is functioning normally, but the effect of the absence or malfunction of the other is exacerbated by the absence of the former. Quenching of shared (inhibitory) factors by ROCK1 and ROCK2 provides an alternative explanation of the additive effects of silencing of ROCK1 in ROCK2-silenced ECs. In such a case the effects of ROCK1 are secondary and do not require direct involvement of ROCK1 in regulation of endothelial barrier integrity. Of interest, a minimal increase in ROCK1 activity has been reported during sepsis, but its functional role remains to be investigated [42] . The future development of ROCK1-specific inhibitors would provide a valuable tool to further delineate the role of ROCK1.
Another interesting aspect of the current study is the almost complete prevention of PAR1-induced vascular permeability in mice transduced with ROCK1 and ROCK2 siRNAs, that were characterized by a partial reduction in ROCK1/2 expression as was evidenced by immunohistochemistry. Similarly, in haplo-insufficient ROCK1 mice thrombin-induced ICAM1 expression was completely inhibited [46] . These findings indicate a critical threshold for Rho kinase expression and/or activity below which Rho kinase-dependent responses are severely hampered.
It should be emphasized that ROCK2 was not necessary for the thrombin-induced formation of F-actin stress fibers and force enhancements. Similarly, ROCK2, but not ROCK1 has been shown to be dispensable for stress fiber formation in vascular smooth muscle cells [25] . Stress fibers are considered as contractile F-actin filaments formed upon Rho kinase activation to prolong MLCK-initiated contraction [47] . As stress fibers are a characteristic feature accompanying many in vitro hyperpermeability responses, it is a wide-held assumption that they mediate the cellular contractile response leading to gap formation between ECs [9] . Our finding that a ROCK2 inhibitor reduces thrombin-induced permeability, while leaving the formation of F-actin stress fibers intact, challenges the paradigm that these stress fibers are necessary for prolonged Rho kinase-mediated endothelial permeability. Interestingly, recent data indicate that central F-actin fibers distinguish the endothelial phenotype of adult arteries from veins [48] . Moreover, in intact microvessels in situ thrombin-induced F-actin fibers are smaller in size and in number [30] , and in vivo a PAR1-peptide hardly induced the formation of stress fibers, whereas both stimuli resulted in enhanced vascular permeability [30] .
In epithelial cells, ROCK2 is complexed to adaptor protein cingulin in junctional complexes where it regulates tight junction formation [49] . It is tempting to speculate that ROCK2 in endothelium also enforces such interactions in the junctions. An attractive scenario for how ROCK2 could establish basal endothelial tension or prestress in the endothelium is recruitment to cortical F-actin through Shroom2 (Shrm2). Recent data indicate that Shrm2 is expressed within the endothelium, is localized to cortical actin and cell-cell adhesions, and contains a conserved Rho kinase binding domain [50] .
In conclusion, this is the first report addressing the individual contributions of ROCK1 and ROCK2 to in vivo vascular leak. It points to a major role of ROCK2 in vascular hyperpermeability responses through regulation of baseline tension in the adherens junctions independent from the involvement of F-actin stress fibers and reinforces the notion that Rho kinase is an attractive target in future anti-vascular leak therapy.
Materials & methods
Sources of reagents are listed in the expanded Materials and methods section in the online data supplement section.
Animal studies
All animal studies were approved by the Institutional Animal Care Committee of the University of Illinois.
To deliver siRNA in the mouse lung, cationic liposomes were made using a mixture of dimethyldioctadecyl-ammonium bromide (DDAB) and cholesterol in chloroform, as described previously [51] . Control, ROCK1 or ROCK2 siRNA (75 µg) or ROCK1 + ROCK2 (37.5 µg each siRNA) were mixed with 100 µL of liposomes. The mixture of liposomes and siRNA was injected intravenously (via retro-orbital injection) into C57/Bl6 mice. After 48 h mice were used for determining lung microvascular permeability or were used for immunoblotting and immunohistochemistry analysis.
To assess lung capillary leakage, PAR1 specific peptide (TFRLLN) (1 mg/kg) was injected retroorbitally followed by injection of Evans blue conjugated albumin (EBA) (20 mg/kg) as described [52] . After 30 min, mice were sacrificed and blood was collected from the right ventricle into heparinized syringes. The right lung lobe was homogenized as described [52] . Lung homogenates and plasma were incubated with 2 volumes of formamide (18 h, 60 °C), centrifuged at 5000 ×g for 30 min, and the optical density of the supernatant was determined spectrophotometrically at 620 nm and at 740 nm (to correct for hemoglobin). EBA extravasation was calculated as the ratio of EBA extravasated in the lung versus that in plasma. To determine lung weights, the left lungs from the same mice used for EBA extravasation were excised and completely dried in an oven at 60 °C overnight for calculation of lung wet-dry ratio.
In vitro studies
Human pulmonary microvascular endothelial cells (HPMVECs) isolated from human lung tissue and human umbilical vein endothelial cells (HUVECs) were isolated, cultured, and characterized as previously described [8] ,. ECs were transfected with short interfering (si) RNA duplexes using Amaxa technology.
Barrier function was evaluated by the transfer of HRP across EC monolayers grown on polycarbonate filters of the Transwell system [8] . Alternatively, electrical cell impedance sensing (ECIS) was used to measure trans-endothelial electrical resistance (TEER) in confluent monolayers. For 3D-digital fluorescence imaging microscopy, HUVECs were examined with a ZEISS Axiovert 200 Marianas inverted microscope.
Endothelial monolayer contraction was measured by monolayer traction microscopy [31] . Intercellular stresses were mapped by monolayer stress microscopy [34] .
Statistical analysis
All data are reported as mean ± SD. Comparisons between 2 experimental groups were made by Student's t-test and between >2 groups by one way ANOVA with Bonferroni posthoc test. Differences in mean values were considered significant at p < 0.05.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Shroom2 TEER trans-endothelial electrical resistance VEGF vascular endothelial growth factor kinase inhibitors on traction forces across all groups, presented as RMS traction stresses. Values are the mean ± SD of 4 independent determinations in duplicate. *p < 0.05 basal RMS traction stresses of monolayers pretreated with Rho kinase inhibitors vs control monolayers. # p < 0.05 thrombin-induced RMS traction stresses of monolayers pretreated with Rho kinase inhibitors vs control monolayers. E: Bar graph showing the effect of the different Rho kinase inhibitors on the net thrombin-induced change in RMS traction stresses calculated from the data presented in (B) (i.e. RMS traction stresses at t = 10 min after thrombin treatment minus RMS traction stresses at baseline). # indicates p < 0.05 thrombintreated monolayers pretreated with vs without Rho kinase inhibitors. through lowering of the force balance in endothelial junctions. See the Discussion section for a description of the details on how ROCK2 activity is pivotal to a critical junctional tension for opening of the endothelial barrier in response to inflammatory mediators. In addition, thrombin induces other changes such as a simultaneous decrease in Rac1 activity and changes in phosphorylation of intercellular adhesion proteins that are not shown for the sake of simplicity.
